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Abstract 
Electrochemical copper and aluminum oxidation using alternating current of industrial frequency was carried out in an aqueous 
sodium acetate solution. Simultaneous oxidation of metals accelerates copper oxidation, but does not significantly influence the 
aluminium oxidation rate. It results in the preparation of the copper-aluminum oxide system with a high content of copper oxide 
(up to 70 wt %). High energy consumption due to the voltage loss to overcome the resistance of the oxidation product layer on 
the electrode surface considerably limits the process and its product application. Furthermore, the chemical aluminum oxidation 
in alkaline medium of an aqueous sodium acetate solution instead of electrochemical one does not result in the power-saturated, 
nanosized metal oxide formation. The results obtained do not only underline the new technology of nanomaterial production, but 
also allow scientists to consider the mechanisms of the metal oxidation AC-process. 
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1. Introduction 
Electrochemical processes are used in different ways. The most widespread ways are listed: the electrochemical 
methods of analysis; the coating of various parts with metals to obtain decorative, functional properties, to prevent 
them from corrosion; the production of different types of functional materials. 
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It is known that the significant energy consumption is the main unfavorable feature of electrochemical synthesis 
of functional materials. It results in the high cost price of products. At the same time, the power-saturated 
nanomaterials may be electrochemically produced1. 
Electrochemical, simultaneous copper and aluminum oxidation in a sodium chloride solution using alternating 
current of industrial frequency results in the production of copper-aluminum oxide system [2] that is used in 
different catalytic and sorption processes3-7. 
AC electrochemical oxidation of metals is characterized by a relatively low current output because of partial 
reduction of oxidized metal when the electrode potential is reversed. It was previously determined that simultaneous 
oxidation of metals in sodium chloride solution accelerates the copper oxidation in comparison with separate copper 
oxidation2. Higher current output of copper is reached but it is distant from maximum possible value and the copper 
content in the oxide system is not high enough. Hence, it is required to find out the acceleration way of simultaneous 
copper and aluminum oxidation.  
High dispersity and increased reactivity of the oxide system formed at non-equilibrium electrolysis cause 
interaction of electrolysis product with carbon-containing air compounds to layered double hydroxide (LDH) 
formation8. Heat treatment transforms LDH to oxide system possessing a number of features that support its use in 
catalytic and sorption processes9-12. 
The solubility of CO2 in water and aqueous NaCl solutions depends on temperature, pressure and other air 
parameters. Therefore, air conditions influence the rate of the process of the electrolysis product carbonization by air 
carbon-containing compounds13. It results in the instability of the composition and properties of the electrolysis 
product. Thus, the investigation of LDH formation by the solution-owned carbon-containing compounds is required. 
According to the literature it is possible to produce copper carbonate hydroxide Cu2(OH)2CO3 at the electrochemical 
process in the solutions containing NaHCO3 and Na2CO3 14, 15. 
Among carbon-containing compounds it is advisable to use sodium carbonate and sodium acetate as an 
electrolyte. The use of other organic compounds is impractical because of low conductivities of their solutions. The 
basic energy consumption of the electrochemical process is noticeable; therefore, high energy consumption to 
overcome the solution resistance markedly reduces the competitiveness of the product. 
Thus, the work is aimed at investigating electrochemical copper oxidation together with aluminum to yield a 
double oxide system with high copper content that is steady transferred to carbon-containing layered double 
hydroxide. 
2. Experimental 
The procedure of electrochemical metal oxidation by industrial frequency alternating current was as follows: 
electrochemical metal oxidation was carried out in an aqueous sodium acetate solution with concentrations of 3 and 
15  wt % at the temperature of 100 °С and current density of 1 A/cm2. The plates of copper (mark M1) and 
aluminum (mark A0) were used as soluble electrodes. 
Electrolysis products were washed with distilled water and air-dried at the temperature of 110 °C for 3 hours. 
X-ray diffraction (XRD) measurements were performed using DRON-3M diffractometer with CuKα radiation 
(λ=1.5418 Å) at 25 mA and 35 kV. The data were collected from 10 to 70° at a counting rate of 4θ/min. PDF 2 
database was used to identify the phase composition. 
3. Results and discussion 
A distinctive feature of the metal oxidation process in sodium acetate solutions is the formation of dense layers of 
oxidation products on the electrode surfaces. The layers that possess the high diffusion resistance significantly 
prevent metals from oxidation. This is one of the reasons that the rate of separate metal oxidation in sodium acetate 
solutions is lower than in sodium chloride solutions (table 1). 
Additional voltage required to overcome the resistance of the layers is believed to result in the high 
decomposition voltage which causes the copper polarization up to the electrode potential of hydrogen production. 
As a consequence, the high copper oxidation rate will occur. The comparison of separate copper oxidation in the 
aqueous solutions of sodium acetate and sodium chloride shows 15 % deceleration using CH3COONa solution with 
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the concentration of 3 wt % and about 3 times deceleration when the process is carried out in CH3COONa solution 
with the concentration of 15 wt %. Thus, the rate of separate copper oxidation seems to be determined by the 
electrode potential, but is limited by the diffusion resistance of layers on the metal surface. 
Table 1. AC electrochemical, separate copper and aluminum oxidation in the solutions of sodium chloride and sodium acetate 
Electrolyte solution 
concentration, wt % 
Oxidized metal 
Cu Cu Al Al 
NaCl CH3COONa NaCl CH3COONa 
Metal oxidation rate, 2g / cm h?  
3 0.05 0.035 0.32 0.15 
15 0.017 0.006 0.32 0.21 
 Voltage, V 
3 4.7 16.7 20 73.4 
15 2.5 5.2 18 53.2 
 
Metals can be divided into two types. The standard electrode potential of one metal type (e.g., copper) is positive, 
but of other metal type (e.g., aluminum) is negative. At AC electrochemical oxidation, the metal is oxidized at an 
anodic half-cycle and partially reduced at a cathodic half-cycle. The formation of molecular hydrogen also occurs at 
the cathodic half-cycle. The main cathodic reaction of first metal type is metal reduction whereas molecular 
hydrogen preferably occurs in the cathodic half-cycle at oxidation of second metal type. Therefore, the total metal 
oxidation rate is defined not only by the metal oxidation rate, but also by the metal reduction rate. If the nature and 
rate of the main cathodic reaction is defined by the sign of electrode potential, the rate of anodic reaction depends on 
the metal nature. Among metals of second type undergoing AC electrochemical oxidation, aluminum is 
characterized by the highest oxidation rate that exceeds the oxidation rate of other metals several times. It is caused 
by low aluminum density (ρAl=2.7 g/cm2, ρAl=8.9 g/cm2), which makes it easier to separate the atomized aluminum 
from the electrode surface. Also a rougher surface complicates the formation of a thick, continuous layer of 
oxidation products that significantly prevent metal from oxidation. 
On the contrary, irrespective of the electrolyte nature the main cathode reaction of aluminum oxidation process is 
the hydrogen reduction, therefore the polarization does not contribute significantly to the aluminum oxidation rate. 
In this case, the aluminum oxidation rate is generally determined by the diffusion resistance of the oxidation product 
layer on the aluminum surface along with the rate of electrochemical aluminum oxidation, but not by the electrode 
potential reached. At the same time, alkaline medium of the sodium acetate solution results in the aluminum 
oxidation without external current source. With time the oxidation process is stopped due to the formation of a tight 
oxidation layer. AC-polarization of aluminum do not let overcome the passivation and do not cause the high rate of 
electrochemical aluminum oxidation in the sodium acetate solution. The electric energy is not significantly assumed 
on the electrochemical metal oxidation processes, but is mainly used to overcome the various resistances in the 
system. It results in the fact that the aluminum oxidation rate in the sodium acetate solution is 1.5−2 times lower 
than the oxidation rate in the sodium chloride solution (table 1). The high aluminum oxidation rate in the sodium 
chloride solution is caused not only by the electrochemical mechanism of this process, but also by the depassivating 
effect of chloride ions resulting in the formation of a loose oxidation product layer of low resistance. Furthermore, 
this layer is periodically removed from the metal surface by the gaseous products of electrolysis. 
Significant acceleration of copper oxidation may be realized at simultaneous copper and aluminum oxidation in 
the sodium acetate solution. It can be explained as follows. In comparison with copper, the aluminum surface is 
covered with a dense layer that requites higher additional voltage to be overcome. It results in such copper 
polarization that the molecular hydrogen formation is preferably occurs in cathode life-cycle. Also, copper oxidation 
is contributed by AC rectification because of the formation of an oxide layer on the surface of aluminum. 
Thus, at simultaneous copper and aluminum oxidation in the sodium acetate solution with the concentration of 
3 wt % the copper oxidation rate is 14 times higher than the rate of separate copper oxidation. Carrying out the 
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process in a solution with the concentration of 15 wt % allows increasing the oxidation rate more than 80 times 
(table 2). 
Table 2. AC electrochemical, simultaneous copper and aluminum oxidation in the solutions of sodium chloride and sodium acetate 
Electrolyte solution 
concentration, wt % 
Oxidized metal 
Cu Al 
NaCl 3CH COONa  NaCl 3CH COONa  
Metal oxidation rate, 2g / cm h?  
3 0.055 0.491 0.323 0.122 
15 0.007 0.482 0.32 0.128 
 
Fig. 1 and 3 show that copper oxide Cu2O (JCPDS card No. 5-0667) is formed in the sodium chloride solution 
whereas the product of copper oxidation in the sodium acetate solution is copper oxide CuO (JCPDS card 
No. 5-0661). This refers to the literature: in alkaline medium the stable copper-containing compound is copper (II) 
oxide. The reflexes of copper carbonate hydroxide in fig. 1 (malachite, Cu2(OH)2CO3, JCPDS card No. 41-1390) 
confirm the spontaneous air-carbonation process. The reflexes are broad, fuzzy, and low intensive. However, this 
process is considerably less intensive than the carbonization of the product obtained in the sodium chloride 
solution8. 
Aluminum oxidation product is slightly crystallized aluminium oxyhydroxide (boehmite, AlOOH, JCPDS card 
No. 17-0940). (fig. 2, 3). 
 
  
Fig. 1. XRD pattern of the product of AC electrochemical copper 
oxidation in sodium acetate solution 
Fig. 2. XRD pattern of the product of AC electrochemical 
aluminum oxidation in sodium acetate solution 
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Fig. 3. XRD pattern of the product of AC electrochemical copper and aluminum oxidation in sodium acetate solution 
The XRD measurement reveals that the carbon-containing compounds are not formed at AC electrochemical 
oxidation and air carbonization does not massively occur. The improved stability in air arises from the increased 
hydrophobicity of finely dispersed and highly dehydrated products of electrolysis in the sodium acetate solution at 
the high rate of electrode potential change. 
4. Conclusion 
It is shown that AC electrochemical, simultaneous oxidation of copper and aluminum in the sodium acetate 
solution is an effective way of intensifying the process of copper oxidation and produces a copper-aluminum oxide 
system with a high content of copper oxide (up to wt 70%). At the same time, high energy consumption of the 
process, due to a significant voltage loss to overcome the resistance of the layer of oxidation product on the 
electrode surface, significantly limit the process application. Furthermore, the product of the chemical aluminum 
oxidation in alkaline medium of the aqueous sodium acetate solution does not possess the properties that the metal 
takes at AC electrochemical oxidation. The disadvantages of the electrolysis process in the sodium acetate solution 
significantly limit the process application; however, the obtained results allow scientists to consider the ways of 
intensifying of the ac-process of metal oxidation. 
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